Abstract. Risk-based performance metrics allow engineers to combine the probability of structural failure with the consequences corresponding to this event. A sustainability performance metric is established considering the risks associated with economic, social, and environmental impacts, utility theory, and the decision maker's risk attitude.
Introduction
The condition of civil infrastructure systems around the world is degrading due to a variety of deteriorating mechanisms including aging, environmental stressors, man-made hazards (e.g., blasts and fires) and natural hazards (e.g., earthquakes and hurricanes), among others. Consequently, improving the overall condition and safety of deteriorating civil infrastructure systems is a key concern worldwide. For example, in 2017, the American Society of Civil Engineers (ASCE) reported, within the Report Card for America's Infrastructure, that the average age of the United States' 614,387 bridges was 43 years. Additionally, nearly a quarter of these highway bridges were classified as either structurally deficient or functionally obsolete (ASCE 2017). These staggering statistics highlight the dire need to implement rational mitigation strategies that maintain structural performance within acceptable levels through the life-cycle of deteriorating civil infrastructure. In order to ensure adequate life-cycle performance, it is crucial to implement optimal management strategies that maintain performance of infrastructure systems within acceptable levels through their life-cycle (Okasha & Frangopol 2009 . Life-cycle management is widely recognized as an effective tool for maximizing the cost-effectiveness of implementing intervention actions that improve condition and safety, and extend the service life of deteriorating infrastructure systems (Ang 2011 , Barone & Frangopol 2014a , Frangopol & Liu 2007 .
Risk and Sustainability in a Life-Cycle Context
Life-cycle assessment of deteriorating infrastructure systems includes aleatory and epistemic uncertainties associated with natural randomness and inaccuracies in the prediction or estimation of reality, respectively (Ang & De Leon 2005 , Ang & Tang 2007 . Because of these uncertainties, it is imperative for structural engineers to accurately model and assess the structural performance and expected total cost within a probabilistic life-cycle context (Frangopol 2011) .Furthermore, the effects of maintenance, repair, and rehabilitation on structural lifecycle performance must be quantified (Barone &Frangopol 2014b , Frangopol et al. 2004 , Sánchez-Silva et al. 2016 , Zhu & Frangopol 2012 , 2013 . Approaches for the life-cycle management of infrastructure systems involving reliability performance indicators consider uncertainties associated with loads and resistance, but are not able to account for the consequences incurred from structural failure. Risk-based indicators provide the means to combine the probability of structural failure with the consequences associated with this event (Ang & Tang 1984 , Barone & Frangopol 2014b , Decò & Frangopol 2011 . Furthermore, methodologies considering sustainability as a performance indicator are becoming relevant within the field of life-cycle engineering. The incorporation of sustainability in the life-cycle performance assessment and management procedures allows for the effective integration of economic, social, and environmental aspects (Bocchini et al. 2014) . A sustainability performance metric may be established considering multi-attribute utility theory, which facilitates the combination of several risks while incorporating the risk attitude of the decision maker. Utility theory is employed herein to incorporate the influence of the decision maker's risk attitude on the relative desirability of lifetime management plans (Keeney & Raiffa 1993) .
RISK-AND SUSTAINABILITY-INFORMED DECISION MAKING FOR STRUCTURES IN A LIFE-CYCLE CONTEXT
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In general, utility is defined as a measure of desirability to the decision maker. Utility theory is a powerful tool used to conduct rational multi-criteria decision making analyses considering uncertain information.
Utility-based decision making framework
The schematic diagram in Figure 1 shows the utility-based decision making framework proposed by the authors. The five interconnected modules shown in Figure 1 perform specific tasks. They were applied to bridges and naval vessels. The first step of the framework involves identifying relevant structural parameters (i.e., module 1) and which stressors affect the investigated system. Some critical parameters include the structural geometry, material behavior, loading due to multiple hazards, information from SHM, and risk attitude of the decision maker. Next, the structural performance is assessed and predicted throughout the life-cycle of the investigated system (i.e., module 2). Within this step, time-variant structural performance is evaluated to determine the current and predict the future condition of various components or the entire structure. Structural performance is assessed in terms of risk and sustainability. After determining the time-variant structural performance of the system, the utility assessment of each attribute investigated within the decision making problem is conducted (i.e., module 3). Utility theory is utilized in order to depict the relative desirability of maintenance strategies to the decision maker. Attributes that are mapped to utility within this study include risk, cost, benefit, and availability. Multi-attribute utility theory is employed in order to effectively capture the sustainability performance of highway bridges and impact of the decision maker's risk attitude.
Once all investigated attributes are mapped to utility, the objective functions may be formulated, and a multicriteria optimization is carried out (i.e., module 4) with the final goal of determining optimal life-cycle management plans (i.e., when to intervene and which performance measure(s) should be implemented). In general, optimal lifetime intervention plans are obtained by carrying out a multi-criteria optimization procedure where the utility associated with total intervention cost and utility corresponding to performance are considered as conflicting objectives. Within this optimization procedure, the utilities associated with total life-cycle cost and performance are simultaneously maximized in order to achieve optimal lifetime management plans. The output of the optimization process, facilitated with genetic algorithms (GAs), is a Pareto optimal set of solutions which provides rational, informed intervention schedule choices to the decision maker that balances both cost and performance (i.e., module 5). Ultimately, based upon the risk attitude, preferences, and budgetary constraints of the decision maker, he/she may choose, amongst a group of trade-off solutions, an optimal intervention schedule for an investigated structural system. Overall, the proposed methodology can be used in assisting decision making regarding intervention actions that improve the performance of structural systems in a life-cycle context. Applications of the proposed utility-based decision framework to bridges can be found in Dong et al. 2015 . Also a decision making framework for optimal structural health monitoring planning of ship structures considering availability and utility has been recently proposed by Sabatino and Frangopol (2017) .
Conclusion
All three aspects of sustainability (i.e., economic, social, and environmental) are crucial to the life-cycle performance assessment of civil engineering. Multi-attribute utility theory allows for the quantification of the sustainability performance of civil infrastructure systems and for risk-informed decisions.
